INTRODUCTION
Ultrasonic transducers' frequency and impulse responses can be determined if a test signal is available that can be adequately characterized. One such source is the expanding plasma bubble caused by a dielectric breakdown that occurs in the focus of the light from a pulse laser. The sound emanating from such a source can be predicted using a theory originally developed for macroscopic blasts if appropriate scaling of energy and plasma volume are included.
Capacitive air ultrasonic transducers (CUTs) were characterized using an impulse that was produced by dielectric breakdown at the focus of the light from a 100 mJ Nd: Y AGlaser. The test signal that was obtained can be shown to have moderate stability, high peak pressure, and a wide enough spectra to determine the frequency response of such transducers from a single shot measurement in the range of 20 to 200 kHz.
THEORETICAL BACKGROUND
When high power pulsed laser light passes through an optical system, a dielectric breakdown of air with a connected loud explosive noise is often a sign of too tight focusing or damaged or dirty optics. The dielectric breakdown takes place even in clean air when the local intensity of the light reaches the 10 9 W/m2 range if dielectric strength of air IkVI mm is used. This level is easy to reach in a system using a moderate energy Nd:YAG pulse laser. On the other hand this phenomena is also an efficient source of ultrasound [1] . The laser interactions with matter have been studied by many authors and for example DeMichelis [2] gives a thorough account of the processes taking place. In related studies very high shock sound pressures have been encountered using fluid targets, up to 500 atm with shock front velocities of 7.5 km/s [3, 4, 5] . Plasma formation and consequent material ablation on solid surfaces has been found to give the highest light to sound conversion efficiency, if compared to thermoelastic processes [6] . Dielectric breakdown above a material surface in air has been found to be a useable source of ultrasound in a solid [7] . Claimed generation efficiencies range up to 30% in this regime [8] . When the light intensity is lower than 10 8 W/m2 and therefore no boiling or plasma formation takes place, the conversion efficiency is much lower, in the sub 0.1 % range. The high conversion efficiency makes the plasma regime an interesting field of study [1] . A similar approach taken here has been used to study acoustic emissions caused by an electric spark although only in the acoustic frequency range [ 9] . A plasma source can be modelled as an instantaneous energy release in a small volume in the target. In this case the volume is approximately equal to the focal region of the laser light, the target media is air, and the energy is equal to a portion of the energy of a single laser pulse with appropriate scattering and transmission loss taken into account. The energy loss due to black body radiation of the plasma can be proven to negligible compared to the laser input energy, although the plasma temperature is high [2] . The situation can be seen in figure 1.
The formation of the plasma occurs in the time scale of the laser pulse duration, causing the outer edge of the plasma, which is assumed to be of spherical shape, to expand at a supersonic velocity. It is also assumed that the absorption mechanism that heats the air is instantaneous and that the plasma originates from a small discontinuity in the media. A radial dimension of 0.1 mm and a pulse FWHM time of 60 ns gives 3300 mls for the expansion velocity at the end of the pulse rise time. This leads to a nonlinear acoustics treatment of the situation since this estimate gives a velocity far in excess of the sound velocity in air. The nonlinear nature of the plasma sound source can be seen from the estimates for the internal pressure for a laser generated plasma bubble in a fluid [8] . A 100 mI, 60 ns laser pulse translates into 1 MPa internal pressure with a bubble diameter of 0.1 mm if all the energy is used to increase the internal energy of the substance in the bubble. The theory of shock formation and propagation in the case of explosions is covered in the literature, and can be used with laser generated plasma due to the general nature of the treatment [10] .
In our formulation it is assumed that the generated pulse takes the so-called N-wave form and maintains this form during its propagation even in the case of radial symmetry. The power spectra of the signal at a given distance can be calculated by performing a Fourier transform and taking the square of the magnitude of the N-shaped pulse with per) as the maximum pressure and -per) as the minimum pressure, and 2*t(r) as the peak to peak distance which are calculated from a theory outlined by Brode [10] . The Fourier transformed result is P(f,r,E) = (lP(f,r,E~ )2 (1) where
with round maxima and deep minima. The first maximum is at 55 kHz and the first minimum at 115 kHz when our experimental parameters are used. The actual absorbed energy of all the energy available during the laser pulse cannot be easily accurately determined but can be approximated as follows. The absorption coefficient of the plasma at the wavelength of 1060 nm has been experimentally determined for a hydrocarbon target The absorption coefficient is in the order of 0.3 at our experimental intensity level, about 10 15 W/m2 [11] . On the other hand the area of the plasma seen by the laser beam is not constant but grows during the rise in electric field strength in the focus of the laser beam. If the plasma radius grows from zero to radius of the focus in the time of the laser pulse duration, the lost energy can be estimated by calculating a time average of the area covered by the beam over the duration of the pulse. This shows that 75% of the available energy is not used for plasma formation. Therefore about 7.5% of the total energy is available as input energy. Comparison with the experimental data leads to the conclusion that the absorbed energy is actually about half of this estimate, about 3%.
TESTING PROCEDURE
The measurement set-up is shown in Figure 2 . The Nd: Y AG laser's energy was 90 mJ per pulse with a 60 ns FWHM duration. The focal length of the lens was 25 mm. The transducer used as a test sample was a type of capacitive ultrasonic air transducer (CUT) [12] [13] [14] . The CUT was placed at a distance of one meter from the plasma source, along with a calibrated condenser microphone (B&K 4135) for verifying the testing method. With this set-up the plasma source spectra could be calibrated upto 200 kHz using the reference data obtained from the calibrated condenser microphone and it's preamplifier. In an actual pass-fail testing system a calibrated microphone would naturally be unnecessary. In the measurements 8, 000 data points from both signals were stored into a digital oscilloscope (LeCroy 9410) at a sampling frequency of 40 MHz, with the trigger signal being from the scattered laser light from plasma. The data were transferred to a computer for spectral analysis. With this combination of the number of data points and sampling rate, the frequency resolution of the spectra was 5 kHz. 
COMPARISON TO OrnER MElHODS
Frequency domain scanning methods, such as single path or pulse echo testing, are slower than impulse testing methods depending on the bandwidth required to maintain an acceptable signal to noise ratio. If, say, a range of 20 kHz to 100 kHz would be scanned at a 100Hz bandwidth and a 20 ms setling time would be allowed after a change of frequency, the measurement time would be of the order of 16 seconds. These methods require somewhat more sophistiated equipment and, if continuous wave testing is used, precautions to avoid artifacts in the result caused by the presense of reflections or structural resonances. Compared to other impulse measurement priciples, the photoacoustic plasma source equipment is rather expensive compared to that required to set up for spark gap discharge, or pistol report testing. On the other hand, laser systems offering the peak power required for this application are becoming cheaper because laser diode pumped pulse laser designs have become commercially available. These systems also offer good effeciency compared to wide band pumped laser systems. In principle there is little difference between using a photoacoustic plasma source, a spark gap discharge, or a pistol report as far as the testing outcome is concerned. All these method offer a rather widebanded impulse type test signal, although all of them deviate from a true, flat frequency response. However, each of the other methods have their own drawbacks. From our experience the spark discharge generator causes bothersome electrical disturbance and spark gap electrodes are prone to erode. Naturally any explosive-using testing method is far from applicable for testing large numbers of transducers where repeating the test procedure at a rapid pace would be required.
CONCLUSIONS
The photoacoustic testing method using pulse-laser generated sound can be used to characterize ultrasonic air transducers. The parameters which can be measured are the receiving frequency response and the relative sensitivity. This system can be automatized in order to test large series of transducers used in robotics. The method is particularly suitable for testing transducers with the frequency range is around 40 kHz. In this frequency range the test signal spectra is smooth and shows no discontinuities. 
